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Abstract

Laser polarized ***X e and a high-T, Superconducting QUantum Interference Device (SQUID) are used to obtain
magnetic resonance images in porous materials at amagnetic field of 2.3 mT, corresponding to a Larmor frequency of
27 kHz. Image resolution of 1 mm is obtained with gradients of only 1 mT/m. The resolution of xenon chemical shifts
in different physicochemical environments at ultra-low fieldsis also demonstrated. Details of the circulating flow

optical pumping apparatus and the SQUID spectrometer are presented.
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Introduction

The practice of Magnetic Resonance Imaging (MRI) currently necessitates powerful, homogeneous, and
confining magnets that produce fields between ~0.5 - 10 T. MRI magnet design could be substantially simplified if
the imaging were performed in ultra-low magnetic fields approaching the Earth’ s magnetic field. At thesefields,
distortions due to spurious gradients produced by magnetic susceptibility variations over the sample are minimized
[1]. Furthermore, for afixed relative homogeneity of the static field, the gradient strength required to achieve agiven
spatial resolution is decreased as the static field strengthis decreased, owing to the reduction in the width of the
intrinsic frequency distribution.

The difficulty of performing MRI at low fieldsistwofold: the nuclear spin polarization and the sensitivity of
conventional (resonant circuit) magnetic resonance detectors both diminish linearly as the magnetic field strengthis
reduced, leading to alower signal-to-noiseratio (SNR), ultimately the most important determinant of MRI information
content. Thefirst difficulty can be overcome by using optical pumping [2,3,4] to create an enhanced, non-equilibrium
polarization of the nuclear spinsto be imaged. The second difficulty can be addressed by detecting the NMR signal
with a dc Superconducting QUantum Interference Device (SQUID). We present ultra-low field images of optically
pumped samples detected using a SQUID.

The technique of optical pumping has considerably increased the utility of xenon for sensitive MRI of

materials, gasflow, and living tissue at both high [5,6,7,8] and low [1,9,10,11] fields. A major limitation of laser-



polarized xenon MRI isthe non-renewabl e nature of the nuclear spin polarization: the completion of an MRI scan that
uses a p/2 pulse destroys the polarization enhancement. Most laser polarized xenon NMR and MRI methods employ
the traditional batch pumping technique [12,13,14], which does not allow the use of multiple excitations with large
tipping angles, e.g. for signal averaging or phase cycling. Here we describe an optical pumping approach, which

removes these limitations by providing a continuous source of |aser-polarized xenon. This optical pumping setup,

based on similar methods used for high-field NMR [15,16,17,18], provides rapid optical pumping and delivery of

xenon to the sample with retention of appreciable polarization during the passage of the xenon through magnetic field
gradients.

The detector in our experimentsis a high transition temperature (high-T.) dc SQUID. The dc SQUID consists
of asuperconducting loop interrupted at two points by Josephson junctions. When properly biased with a static
current, the SQUID acts as amagnetic fluxto-voltage transducer. As the SQUID measures magnetic flux directly,
rather than the rate of change of flux (asisthe case for a conventional tuned circuit detector), the SQUID detects
NMR signals broadband at arbitrarily low frequencies without alossin sensitivity [19,20,21]. This frequency-
independent response, coupled with unsurpassed field sensitivity, makes the SQUID far superior to the conventional
tuned circuit for the detection of low field NMR signals.

Using laser polarized ***X e and SQUID detection we have performed spectroscopy and imaging experiments
on room temperature samplesin fieldsaslow as2 mT. Animage of shaped aerogel using xenon, aswell asimages of
xenon gas flow at ultra-low fieldsis presented. Finally, the resolution of chemical shifts of xenon in different
physicochemical environments[11] at these low magnetic fields is demonstrated, hinting at the possibility for

chemical shift selectiveimaging in ultra-low fields.

Materialsand Methods
Circulating gas flow optical pumping

Figure 1 shows a diagram of the optical pumping apparatus. The centerpieceisaPyrex glass pumping cell
(A). Thereservoir (B) supplies rubidium vapor to the irradiation bulb (C) whereit is excited by circularly polarized
light at 794.7 nm from the laser (J). Collisions between the rubidium and xenon atoms result in atransfer of

polarization from the rubidium electrons to the xenon nuclei [2,3,4]. The gasisthen cooled in the water jacket (D) to



condense out the rubidium vapor. Parts (B) and (C) are mounted inside an air-heated oven (not shown) made of
aluminum with a 3.2 mm thick quartz window. The oven isbuilt into the center of apair of 0.23 m diameter Helmholtz
coils (not shown), which produce afield of 8 mT. The xenon is circulated between the pumping cell and the sample
by a sealed, high pressure circulation pump (G), manufactured by Brey, Inc., which is capable of variable flow rates.
Sitting on top of the fiberglass dewar (F) used to control the temperature of the SQUID, isthe sample cell (E). The
sample cell consists of aflat-bottomed, stoppered Pyrex glass cylinder with an inner diameter of 10 mm and capacity
of about 1 mL with 6.4mm Pyrex gas delivery tubes on opposite sides of the cell. The stopper provides easy access
to the sample. All connections between components of the gas lines are made using Teflon PFA tubing and brass
Swagel ok fittings. Permanent brass ferrules are used for all brassto Teflon tubing connections, and Teflon ferrules
serve for the brass to glass connections at the ends of the sample cell. The components are designed to hold a
pressure of 10°Pa. Finally, the solid-state diode laser (J), made by Opto-Power, Inc., provides a maximum continuous
wave power of 130 W at 795 nm. Thelight from the diode array iscircularly polarized by a quarter-wave plate and
then directed into the irradiation bulb of the pumping cell (C). Typically, 65 W of laser power were used for optical
pumping.

The gas mixture consists of ~10° Pa of natural abundance xenon, ~10° Pa of nitrogen gas for fluorescence
quenching, and ~5 x 10° Pa of helium for pressure broadening of the rubidium absorption line. The oven is heated to
~143°C, providing a rubidium vapor pressure of 0.41 Pa, while the sample cell is maintained at room temperature. For

the imaging experiments the gases were circulated at a constant flow rate of about 2.4 x 107 L/s.

SQUID MRI Spectrometer
The SQUID magnetometer consists of asquare washer dc SQUID inductively coupled to amultilayer, 12-
turn flux transformer in a“flip-chip” arrangement [22]. Both the SQUID andthe transformer were fabricated from thin

films of the high-T.. superconductor Y Ba,CuO;., patterned on SrTiO; substrates. Theintrinsic noise of the

magnetometer is 160 fT/HZ"?. Figure 1 (F) shows a schematic of the SQUID MRI hardware with coils while a circuit

diagram of the MRI spectrometer appearsin Figure 2. The magnetometer is mounted in the vacuum space of a G10

fiberglass liquid nitrogen dewar and is cooled below its superconducting transition temperature by a sapphire rod

which isthermally anchored to the liquid nitrogen can [23]. The sample, which is at atmospheric pressure and room



temperature, is placed on a 76 pum thick sapphire window positioned above the SQUID; the separation between the

SQUID magnetometer and the sampleisaround 1.5 mm. |n this configuration, the SQUID acts as an MRI surface cail,

providing 2D projections along the y-axis.

The static magnetic field is provided by a pair of Helmholtz coils, which produces afield of 2.26 mT per
ampere of current. A second pair of Helmholtz coils, mounted orthogonally to both the magnetometer and the static
coils, providesthe excitation fields. Pulses are formed by a Hewlett Packard 3314A function generator, which is gated
by TTL signalsfrom a TecMag Orion console. The pulse current isamplified by 20 dB using a Krohn-Hite model
3322 filter and fed into the excitation coils. This setup produces a maximum excitation field of 85 uT, yielding ap/2
time of 250 s for xenon and 69 ns for protons.

For imaging experiments apair of Maxwell coils and two sets of Golay coils are used to provide the gradients
dB,/dz, dB,/dx, and dB,/dy (Figure 1). These are wrapped on a L ucite frame 0.35 min length and 0.13 min diameter.
The static field and excitation coilsfit inside this frame. The gradient coils are driven by Techron 7780 amplifiers,
which are controlled by a TecMag DA C-18 gradient controller. Two modifications shown inFigure 2 are required for
optimum operation. First, the DAC-18 controller produces non-zero baseline voltages, which are amplified by the
Techron 7780 amplifiersand result in significant currents- up to 100 mA - in the gradient coils. Thisisremedied by
incorporating unity-gain summing amplifiers between the outputs of the DAC-18 controller and the inputs of the
Techron 7780 amplifiersto adjust the offset voltages manually. Second, the current noise of the Techron amplifiersis
sometimes as high as 10 mA. A blanking circuit isincorporated at the output of the amplifier to ground this excess
current noise when the gradient pulses are turned off.

All imaging experiments are performed using the 2D “ Spin-Warp” pulse sequence [24]. The direct

dimension consists of 4096 points collected with adwell time of 12.5 ns. _In the indirect dimension 32 phase encoding

aradient strengths are employed with the signal acquired at each strength averaged 400 times. Before 2-D Fourier

Transformation to produce the images, the indirect dimension is zero-filled to 128 points. The signal along the direct

dimension is mixed down at the resonance frequency and digitally filtered to select a bandwidth of 2.5kHz. No

further apodization is applied in either dimension.

Results and Discussion



Spin Polarization

Figure 3 compares the NMR signals from thermally polarized proton spinsin mineral oil and from laser
polarized xenon spins produced in the continuous flow system. The static magnetic field is 0.62 mT for the proton
and 2.26 mT for xenon, so that the Larmor frequency is 27 kHz in both cases. Thisalows an easy and direct
calibration of the xenon spin polarization. An SNR of ~3 is obtained from a1 mL mineral oil (110 molar in*H) sample
after 80,000 scans. |n contrast, the same volume of natural abundance hyperpolarized xenon gas at a pressure of 1
am (0.01 Molar in**Xe) yields an SNR of ~30 after only 100 scans. This corresponds to a xenon spin polarization of
~1 %, an enhancement of seven orders of magnitude over thermal spin polarization at 2.26 mT. The flow and
polarization of the X e spinsin the continuous flow system maintains a constant signal over aperiod of at |east
fourteen hours. This high pressure, continuous flow pumping method generally yields lower xenon spin polarization
than batch methods (which yield polarizations of tens of percent), but the advantages of “instant”, renewable, and
consistently polarized gas outweigh the reduced polarization. The decreasein polarization is explained in part by the
fact that the flowing xenon gas is exposed to conditions that can rapidly degrade the spin polarization by relaxation,

such aswall relaxation during flow, diffusion through magnetic field gradients, and high rubidium concentration in

the pumping cell. Despite non-ideal conditions, the polarizations are comparable to those achieved in similar setups

used in high-field NMR [15,16]. Most importantly, the new continuous flow optical pumping system allows rapid

signal averaging, which is necessary for the multiple-pulse NMR and MRI experiments described below.

Imaging

Figure 4 shows an image of laser polarized xenon spins adsorbed in aroughly triangular piece of aerogel, a
silicon based, low density, high surface area solid foam. The image corresponds to a 2D projection parallel to the
plane of the SQUID; a cross section of the piece of aerogel isshownintheinset. A schematic of the samplecell is
shown below theimage. The static field strength for this experiment was 2.26 mT, corresponding to a ***Xe Larmor

frequency of 26.7 kHz. The magnitude of the x gradient (direct dimension) was 1.1 mT/m giving aresolution of 1.4 mm.

The maximum z gradient amplitude was 0.3 mT/m with a step size of 0.02 mT/m and pulse length of 42 ms. This

indirect dimension has an intrinsic resolution of 2.9 mm and pixel resolution of 0.72 mm. The spatial resolution

achieved isroughly an order of magnitude better than what one would achieve in atypical high-field in vivo imaging



system with the same applied gradients, asin the high field case the NMR lines are roughly an order of magnitude
broader. The rounded cornersin the image are partly dueto limits of the resolution and possibly dueto artifactsfrom
non-laminar gas flow around the object. Although the calculated Reynolds number is about 100, suggesting laminar
gas flow, this estimate does not take into account the presence of aerogel in the flow path.

Figure 5 shows the direct visualization of xenon gas flow through aerogel. This quasi-stroboscopic imaging
takes advantage of the gas flow system and the non-equilibrium nature of optical pumping. The sample cell, shown

in the insets of Figure 5(a) and (b), is packed with crushed aerogel. Attimet =0, ap/2 pulseis applied to the sample

to quench the longitudinal magnetization. After atime of t seconds, the spin-warp imaging pulse sequence is
initiated and continued every t seconds. Under static conditions, there would be negligible signal since the xenon
would relax to the thermal equilibrium polarization. However, since a continuous flow system is used, newly polarized
xenon, which has entered the cell during each interval t, is detected. Thus, the effects of the flow of xenon during the

timet can be observed. Images obtained witht of 0.5 sand 2 son the same sample are shown in Figures 5(a) and

5(b), respectively. Though the flow rates are identical in the two pictures, Figure 5(b) shows deeper penetration of

the polarized xenon into the aerogel sample compared to Figure 5(a) due to the longer time that the newly polarized

xenon is allowed to flow before imaging. Both images have aresolution of 1 mm in the x dimension and 0.7 mm in the

z direction. They were collected using an x gradient strength of 0.8 mT/m and maximum z gradient amplitude of 0.3

mT/m with astep size of 0.02 mT/m and pulse length of 42 ms.

Spectroscopy
Figure 6 shows NMR spectra of hyperpolarized xenon flowing through powdered polypropylene,

demonstrating the resolution of chemical shiftsin ultra-low fields[11]. This system was chosen as the chemical

shifts of ***X e adsorbed on polypropylene have been well characterized under avariety of conditions using high-field

NMR [25]. The 5 Hz upfield shift of the adsorbed xenon in Figure 6(a) corresponds to a 200 ppm chemical shift
referenced to the gas peak at aLarmor frequency of 30.071 kHz. The line broadening arises from inhomogeneity of
the static magnetic field and from gas flow with exchange between free and adsorbed xenon. Asthe flow rate

increases, the lines become broader, obscuring the chemical shift resolution asin Figure 6(b). To reduce this|oss of

resol ution a stop-flow apparatus is being constructed such that the signal can be collected in the absence of gas




flow. Further improvementsinclude the design of more homogeneous magnets with shim coils. It isanticipated that
with such modifications chemical shifts on the order of 10 ppm will be resolved, clearing the way for chemical shift
selective imaging at ultra-low fields. Thisresult also suggests the feasibility of obtaining analytical information from

NMR spectra and images acquired in the absence of high field magnets.

Summary

We have described a versatile ultra-low field MRI spectrometer incorporating a circulating flow optical
pumping system for **Xe. The circulating flow system provides a continuous source of xenon with a polarization
~1%, afactor of 10’ enhancement over thermal polarization at 2.3 mT. Thisisused in conjunction with sensitive
SQUID detection to image materials with millimeter resolution. The gradients required to achieve this spatial
resolution are at least an order of magnitude lower than those typically used in high-field MRI. A methodology for
direct visualization of gasflowsis described, and xenon chemical shift resolution at ultra-low fields has been
achieved. These spin density images and chemical shift measurements at 2.3 mT represent a step toward chemical

shift selectiveimaging in low magnetic field.
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Figure Captions

Figure 1: Schematic of the circulating flow optical pumping apparatus. Natural abundance xenon is optically pumped
inchamber (A), and then circulated to the SQUID MRI spectrometer using a gas circulation pump (G). The optical
pumping chamber (A) consists of arubidium reservoir (B), amain bulb (C) where circularly polarized light is directed
from the laser (J), and awater condenser (D). The room temperature sample (E) sits 1.5mm above the SQUID
magnetometer. The magnetometer is contained within aliquid nitrogen dewar (F), which cools the SQUID below its

transition temperature.

Figure 2: Schematic of the SQUID spectrometer.

Figure 3: (a) Proton and (b) xenon spectra obtained from 1 ml samples of mineral oil and laser polarized xenon gas,
respectively. The magnetic fieldsare 0.62 mT for protons and 2.3 mT for xenon, which corresponds to resonance
frequencies of 27 kHz. The proton spectrum required 80,000 scans while the signal from laser-polarized xenon was

obtained in 100 scans.

Figure 4: MRI of xenon gas adsorbed on aerogel obtained at amagnetic field of 2.26 mT. A schematic of the sample
cell is shown below theimage. The MRI isatwo dimensional projection of the roughly triangul ar-shaped piece of

aerogel (shown in theinset).

Figure5: Visualization of gas flow through a packed layer of aerogel. By varying the time between data acquisitions,
the change in gas penetration into the aerogel can be directly observed. These measurements rely on the continuous

xenon flow apparatus and the non-equilibrium nature of xenon laser polarization. Figures5(a) and 5(b) correspond to

0.5sand 2.0 srecycle delays, respectively. |nsets are simple depictions of the polarized xenon in the aerogel at timet.




Figure 6: NMR spectra of xenon flowing through polypropylene. At low flow-rates (a), the chemical shift of xenon
adsorbed to polypropyleneis resolved from that of free xenon. Broadening due to flow and possibly exchange

obscure the shift at a higher flow rate (b).
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